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SUMMARY

Independent dimensionless groups of physical quantities are derived

by dimensional analysis to illustrate the possibilities for predicting the tempera-

ture distributions in a typical spacecraft from the tests of geometric scale models.

This similitude analysis is directed toward spacecraft in which the modes of heat
transfer are conduction and radiation. The effects of internal power generation

and heat fluxes external to the spacecraft are considered.

Two sets of thermal scaling laws appropriate to spacecraft are dis-
cussed. One requires that model and prototype be fabricated from materials
having identical thermal properties. In this case, model and prototype differ
in temperature at equivalent geometric locations. A second requires that the
thermal conductivity of the model differ from that of the prototype. In this case,
the temperatures of the model can be made identical to those of the prototype at

equivalent geometric locations.

An experimental investigation was carried out to determine the prac-
ticability of applying the second set of thermal scaling laws to a typical space-
craft. A prototype, resembling a portion of a JPL spacecraft but somewhat
simplified in detail, and two geometric scale models were fabricated in accord-
ance with these laws. One model was approximately one-half scale, the other
approximately one-fifth. The temperature distributions in the models and proto-
type were measured at steady-state conditions in a ""space simulation” chamber.
Heat fluxes external to the prototype and models, i.e., sunlight, planetary emis-
sion, and albedo, were not simulated in these experiments.
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Temperature results are presented for tests of models and proto-
type at two internal power dissipation levels. In these tests, the prototype and
models were insulated in order to establish two-dimensional heat flow patterns.
Temperature results are also presented for tests in which three-dimensional

heat flow patterns were established.

Conclusions and recommendations for additional work, based on the

experimental results, are presented.
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CONCLUSIONS AND RECOMMENDATIONS

The concept of thermal modeling (where the models are designed to
have equivalent temperatures at identical geometric locations) is feasible for
certain prototype characteristics. For the prototype configuration used in the
experiments described herein, the test results indicated that a half-scale model
could be used to predict prototype temperatures to within one percent (3°C) of
the absolute temperature level during steady-state operation without external
heat flux simulation. Test results for a one-fifth scale model indicated that it
could be used to predict average prototype temperatures to within three percent
(10°C). We believe that this three percent figure could be reduced considerably
by refining the insulation system used on the one-fifth scale model. The magni-
tude of the errors associated with these tests appear to make the concept feas-

ible for many present generation spacecraft or spacecraft components.

As a result of our investigations of thermal modeling at equivalent
temperatures, we also conclude that: (a) the characteristics of the prototype
and the type of thermal information required, i.e., average temperatures of
components, temperature gradients, etc., will determine the practicability of
the concept; and (b) the smallest scaling ratio attainable will be dictated by the
prototype characteristics as well as the absolute size of the smallest model.
Irrespective of the apparent advantages of building and testing small-scale models,
the feasibility of applying the modeling concept to each prototype will have to be

studied in advance. Many spacecraft designs will not be amenable to modeling
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techniques; nevertheless, it may be possible in certain designs to predict the
thermal performance of a flight design more accurately from scale model tests

than from tests of prototype size mockups.

In designing thermal scale models of a prototype, it would be valuable
to have available a mathematical model of the prototype from which one could
assess the influence of uncertainties in variables on the thermal performance.
In most spacecraft, the heat flow patterns are sufficiently complex to require
a computer solution. From parametric computer studies, it would be possible
to design a more accurate model, as these results would indicate regions where

details are critical.

During our investigation, we noted several limitations and problem
areas pertaining to thermal modeling where equivalent temperatures are pre-
served in model and prototype. Although the following list is by no means com-
plete, and is derived from the limited number of experiments completed to date,
it should serve to give the reader some insight as to the applicability of the con-

cept.

Characteristics of Prototype

(1) Low prototype thermal conductivities will limit the
selection of model materials and, therefore, the
model scale. If the model conductance is decreased
artificially, e.g., by slitting, a detailed analysis will

be required to determine the effective conductivity.

Arthur D Little, Inc.



(2)

(3)

(4)

Preservation of geometric similitude in models of a
small prototype or in one having thin wall sections

will limit the scale.

Prototypes which re-radiate small amounts of power

per unit area will be difficult to model.

Where temperature gradients are more important to
performance than temperature level (for example,
differential thermal expansion of optical components),

the modeling concept may be limited in usefulness.

Instrumentation

(1)

(2)

The design of model supports, heater leads, and
thermocouple or thermistor leads must be carefully
considered to insure that the stray heat leaks from
these sources are small with respect to the internal

power dissipation of the model.

In models with small internal power dissipations, it
may be necessary to resort to infrared temperature

measuring techniques to avoid these limitations.

Thermal Control Surfaces

(1)

Reproducibility of absorptance for short wavelength
incident radiation is difficult, particularly on small
models where handling of these surfaces is unavoid-

able.

Xi
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(2)

(3)

Characteristics of thermal control surfaces with low
emittances (and therefore high conductivities) will
introduce limits on the smallest model which can be
scaled, because of the thermal conductance of the

coating.

In prototypes with low surface emittances, the uncer-
tainty in temperature may be large, due to the prob-

lems of measuring the absolute emittance accurately.

Dimensional Tolerances

1)

(2)

May limit the absolute size of smallest scale model.

Particularly important in areas of high emissive power
or where large percentages of incident flux are ab-

sorbed.

Simulation of Joint Conductances

(1)

(2)

Thermal model designs must be based on measured
or computed joint conductances for the prototype.

The detailed design of simulated joints in models may
require extensive mathematical analyses when the

joints significantly influence temperature distributions.

At present, there are no experimental data to deter-
mine whether high or low conductance joints are most
difficult to simulate.. Further work is required in
this area.

Xii
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Insulations
The use of "super insulations" on many spacecraft proto-
types will present difficulties in fabricating small scale
models because of the uncertainties inherent in predicting
the heat flow through these insulations. Moreover, the
effects of "thermal shorts" through seams and penetra-
tions become more significant as the size of the model

decreases.

Selection of Model Materials

(1) Where temperature gradients in the prototype are
significant, thermal conductivity measurements of

the model materials will be required.

(2) For prototypes with very large gradients, some
consideration must be given to the variations in

material properties with temperature.

We believe that an additional effort is required to accurately predict
the thermal performance of a typical spacecraft from tests of thermal scale
models. The additional effort should include:

(1) transient performance tests,

(2) a more detailed investigation of the simulation of

joint conductance, and

(3) tests with external heat flux simulation.

xiii
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In addition, the concept of thermal modeling, where model and prototype ma-
terial properties are preserved, bears further investigation. Although it ap-
pears that modeling at equivalent temperatures may alleviate some of the
problems associated with property variations with temperature, the alternative
approach may be useful in certain prototype designs. An investigation of the
limitations of this concept would broaden the understanding of the thermal

modeling problem.
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INTRODUCTION

The thermal problems associated with the design of spacecraft and
certain spacecraft experiments have stimulated interest in methods for predict-
ing the adequacy of thermal control systems. Mathematical analyses, using
computers, and full-scale simulation tests of flight hardware (or representa-
tions thereof) have been utilized to validate the operation of thermal control
systems. As an alternative to the concept of flight testing--which at present
does not seem economically justifiable--it may be worthwhile to consider the
concept of thermal scale modeling as a tool for predicting the thermal behavior

of a spacecraft.

The interest in small-scale model testing is derived from the rela-
tively high costs of space simulation testing with full-scale hardware, and the
need
characteristics) designed to represent physical configurations. In addition,
environmental simulation on a large scale with present "space chambers"
may not be precise enough to evaluate certain thermal designs. Small test
chambers appear to offer the control and reliability required for precise sim-

ulation.

The thermal modeling concept has not been investigated in sufficient
detail to adequately define the limitations or the problem areas involved in
predicting flight temperatures from scale model thermal testing. The objective

of the work described in this report is to examine the practicability of one
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approach to thermal scale modeling, and to define certain limitations and
problem areas associated with this approach. The experiments performed in

this study were based on scaling laws which predict identical temperatures in

model and prototype at equivalent geometrical locations. Conclusions and
recommendations relating to the practical aspects of applying this thermal
scaling technique to a spacecraft are based on the results of the experimental

program described herein.

This report summarizes the work performed as Phase II of the
subject contract. In the Phase I study, small thermal models of a simple
configuration were scaled in accordance with the same laws. Experiments

were performed which demonstrated the validity of the scaling laws. The
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I. THE THERMAL MODELING PROBLEM

A. INTRODUCTION

The basis for modeling any physical system must be the derivation
of the independent dimensionless groups containing (together) all the physical
quantities which interact to determine the behavior of this system. Once hav-
ing determined the functional relationship between the dimensionless groups,
by analysis or experiment, the physical behavior of all similar systems is
completely characterized. The advantages of this approach stem from the
fact that the independent variables controlling the behavior of the system are
reduced to a minimum, and, in cases where experiment is required to deter-
mine the behavior, tests at a reduced geometric scale can be used to predict

the behavior of a larger system.

The least number of dimensional quantities needed to describe the
system and its interaction with its environment must be determined by physical
reasoning. This implies, and requires, an understanding of the active physical

phenomena.

In the thermal modeling of spacecraft we are concerned with the
temperature distributions which result from internal power sources and the
thermal interaction of the craft with its environment. Although closed-cycle
thermodynamic systems involving flow loops and power machinery may be
present in many spacecraft, we confine our attention to spacecraft elements

wherein the temperature distributions are determined by heat transfer via the

Arthur 0 Little Inc.



mechanisms of radiation and conduction in solid members. In order to derive
the dimensional quantities which determine the thermal behavior of this class of
spacecraft system it is useful to think in terms of the following active heat trans-
fer phenomena:

1. Heat transport by solid conduction

2. Heat transport at solid-to-solid interfaces

3. Heat generated by internal sources

4. Heat (internal energy) changes during transients

5. Heat transport via radiation emitted from surfaces

6. Heat transport via radiation absorbed at surfaces

B. HEAT TRANSPORT BY SOLID CONDUCTION

Heat transport by solid conduction can be characterized by the thermal
conductivities of the materials of the system, K, and by the temperature distribu-
tions in these materials (which introduces the variable L and T). For a single
thermal conductivity value to be sufficient, the materials must be isotropic. If
the thermal conductivities of the materials of the system are themselves tempera-
ture dependent, then the dimensional quantities which describe this dependence

enter.

C. HEAT TRANSPORT AT SOLID-TO-SOLID INTERFACES

Heat transfer at solid-to-solid interfaces, when considered on a
macroscopic scale, introduces the concept of thermal resistance or its reciprocal,

thermal contact conductance, C. The thermal contact conductance is defined as

Avthur D Little, Ince.




the ratio of the heat transfer across the interface per unit of superficial contact
area and the temperature difference across the contact gap. It is well known that
the value of the thermal contact conductance for systems in vacuo depend on the
structural characteristics of the joining materials, on their surface finish, and

on the contact pressures.

D. HEAT GENERATED BY INTERNAL SOURCES

In typical spacecraft components, sources of internal heat exist due to
the I2R losses in the electric circuitry. In recognition of these internal sources,
it is convenient to introduce a parameter, q*, which is the internal power gener-
ated per unit of volume. The real spacecraft electronic component may be made
up of a non-homogeneous mixture of materials, and a practical question will

always exist as to the linear scale on which model similarity is to be preserved.

E. INTERNAL ENERGY CHANGES DURING TRANSIENTS

Consideration of the requirements for thermal similitude in non-
steady-state systems introduces the thermal inertia properties of the system
and the time, T. The thermal inertia of the system is simply characterized by
the product of density (o) and specific heat (Cp) of the materials from which it

is constituted.

F. HEAT TRANSPORT VIA EMITTED RADIATION

The total emissive power per unit of area of the surfaces making up

the system is given by the product of the total hemispherical emittance of the
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surface, €, the Stefan-Boltzmann constant, ©, and the fourth power of its absolute
temperature. Therefore, consideration of emitted radiation introduces the new
factors, € and o. The total hemispherical emittance, €, is the only factor over
which we have experimental control. For any particular surface, € varies with

its temperature and surface condition--degree of roughness, oxidation, contamina-
tion, etc. In addition, € is a doubly-integrated quantity involving €, the mono-
chromatic emittance, and €g, the directional emittance. The latter factors be-
come important only when we consider the intensity and spectral distribution of

the radiant flux incident on the surfaces.

G. HEAT TRANSPORT VIA ABSORBED RADIATION

The radiant heat absorbed at a surface per unit area is the product of
its absorptance, @, and the incident flux, #. The absorptance depends on the
factors affecting emittance (surface temperature, condition and direction) and,
in addition, on the characteristics of the incident radiation measured by its distri-
bution in the spectrum. For this reason, it is useful to separate the flux incident
on the surface elements of the spacecraft system into components identified by

source.

One contribution to the total flux is that which originates within the sys-
tem, because all exposed surfaces of the system are themselves emitters. The
flux from these internal sources falling on any specified surface is a portion of the
sum of the reflected and emitted radiation issuing from all the surfaces which the

element can "see." This portion depends on the geometry of the system and on the
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angular distribution of the radiant energy leaving the "viewed" surfaces. If the
intensity of this leaving energy (both emitted and reflected) obeys a known law,
such as Lambert's cosine law, then the portion incident can be predicted on the
basis of geometry only. The magnitude of the flux issuing from the "viewed"
internal sources depends on the emissive power of these surfaces (hence,

€ o T*) and the reflected power. The reflected power, in turn, depends on the
emissive power of all surfaces, on the geometry, and on the absorptance of all
surfaces. In summary, we reason that the absorbed energy depends on the

geometry and on the emissive power and absorptance of all surfaces.

The other contributions to the total incident flux are characterized by
sources outside the system, for instance, sunlight and reflected or direct radia-
tion from the moon and planets. The influence of eacl
accounted for by introducing additional variables. @01, ®oz, Poa, etc., which
are used to denote the intensity of the radiant energy from the various external
sources, and Qo3y, Qog, Moz, etc., which are used to denote the absorption
characteristics of the surfaces of the system to these incident radiations. Of
course, an additional requirement for rigorous thermal similitude is that the
direction of the radiant flux from external sources is the same in model and

prototype.

H. FORMATION OF DIMENSIONLESS GROUPS

From the previous discussion, one notes that the thermal behavior of

spacecraft is determined by a very extensive number of dimensional parameters,

Arthur D Little, Inc.




and this fact may make thermal modeling for the general case impractical if not
impossible. However, the application of certain reasonable restraints can make

the problem of thermal modeling tractable.

First, we restrict consideration to model and prototype systems for
which the K's, p's, Cp's, a's and €'s can be considered temperature independ-
ent, and, second, to solid materijals that can be considered isotropic conductors.
Third, to eliminate the influence of the spectral and angular distribution on the
emitted and absorbed radiation, we restrict consideration to model and prototype
systems which have the same surface characteristics. With these restrictions,
a single notation for K, p, Q, etc., is sufficient for the development of the

thermal modeling factors. *

The formation of the controlling dimensionless groups (often referred
to as the T groups) may be accomplished in a number of ways. Formal proce-
dures are described in the literature. We prefer a method which points up the
physical significance of the ™s. Thermal similitude requires that the heat trans-

port and internal energy changes be proportional in model and prototype. To

*It is not necessary to include all of these restrictions for every system. Some
of these restrictions may be removed. For certain relatively simple thermal
systems or components of a total system, some of the restrictions can be re-

moved without making thermal modeling impractical.
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state this condition mathematically we proceed as follows.

First, we express

the heat transfer and energy change effects in dimensional terms:

Effect

Heat Flux via Solid Conduction

Heat Flux at Solid-to-Solid Interface
Heat Flux Due to Internal Sources

Heat Flux Due to Changing Internal
Energy

Heat Flux via Emitted Radiation

Heat Flux via Absorbed Radiation
(Internal Sources)

Heat Flux via Absorbed Radiation
(External Sources)

Dimensional Statement

kT (watts/ cm2 )

L
CT (watts/ cmz)
q*L (watts/cm?2)

pC TL

T (watts/ cmz)
eo T (watts/cm?)
o T<’Zs T (watts/cm2)
Qo3 ®o1 Qoz ¢og, etc. (WattS/sz)

The ratios of the above expressions with respect to the heat flux due to solid

conduction are:

Mg

Ta
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. aTesTL
s~ KT
a L a L
Tg, Ty, etc. = ——"—lléL,If"— , __galf%_, etc.

As the temperature, T, appears in a number of the above-listed T's,
and as temperature can be considered a dependent variable in the experimental

model studies, a more convenient set can be gained by rearrangement as follows:

0oy Po Qop @
T, Ty, etc. = 03] “0} 202002

A useful set of scaling laws for model testing would specify that the
temperature-time distributions innormalized space would be identical in model
and prototype. In addition, we have the restriction that the emittance and ab-
sorptance of corresponding surfaces in model and prototype are identical. In

this instance, for thermal similitude
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|

* 2 T 2
qum qs s
K K
m s
C C L?
pme - ps ps s
K K
m s
%3 1 7 *3717
q m m _ q sLs
K* K2
m s
Tem = Tss (identically satisfied)
dorm $oam _  %o1s Pozg
q* L 3 q aL , etc. = q*L q*L , etc.
m m m s s s s
L L
_m _ _S
K K
m s
C = C
m s
*L = g*L
9m “m qs s
FJm pPm m - ps ps s
o1 m» Poam, €tc. = Poi1 s Poass etc.
9
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It is this last set of scaling laws which we have examined experimentally
in the subject contract. As these experiments were made at steady state, the
thermal inertia characteristics of the models do not enter the problem. In addi-
tion, #o01, Poa, etc., were made negligible in the design of the experimental
apparatus. In summary, we would predict the same temperature at correspond-

ing points if

L L
_mo_ S
K K
m S
C = C
m S
* = *
qm Lm qS LS

Other possibilities certainly exist and deserve attention. For instance,
suppose it is convenient to make the model and prototype of identical materials.
Suppose further, we place the additional restriction that the radiation character-
istics of corresponding surfaces in model and prototype are identical. Then, in

this case,

CL = CL
m m S S
L? L?
_m _ _S
T T

m S
10
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il - g
T L = T LY®
m m S
Tsm = Tss
Borm Ll Bop o LY/2 ete. = 8, 18/, Bos s L;/a, etc.

The above laws, of course, hold only when the properties of the model and proto-

type are independent of temperature.

11
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II. DESIGN AND FABRICATION OF THERMAL MODELS

A. SCALING PROCEDURES

In the following section we will describe the physical characteristics of
three thermal models designed in accordance with the set of scaling laws which
would specify that the temperatures be identical at equivalent geometrical loca-
tions in the models. We chose to make the surface characteristics, emittances,
of model and prototype identical, and to make the tests at steady-state conditions.
In addition, the heat flux incident on the models was made negligible in the design
of the experimental apparatus. For this situation we would predict identical tem-

peratures at equivalent geometrical locations when

L L
_mo__S
K K
m s
i =C
m s

* = %
Uplm = 9L
Three models were fabricated and tested in accordance with the above set of scal-

ing laws, by using different materials of construction and internal power dissipa-

tions in each model.

The largest model (prototype), referred to as Model 1, was designed
to fit conveniently in our space simulation chamber, and was fabricated from
Armco iron, a relatively pure iron used as a thermal conductivity standard.

Model 2 was fabricated from SAE 4130 steel, which has a thermal conductivity

12
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approximately half that of Armco iron. The smallest model, Model 3, was fab-
ricated from 304 stainless steel, which has a thermal conductivity approximately

one-fifth that of Armco iron.

The following conductivities were established from literature data for

each of the materials (where the subscripts refer to the model):

K, = 0.730 (Armco iron at 70°F, Ref. 2)
Kz = 0.410 (SAE 4130 at 70°F, Ref. 3)
Ks = 0.156 (304 S.S. at 70°F, Ref. 3)

From these values the appropriate characteristic length ratios are calculated to be

T, = 1.7805
Ly _
L = 4.679

Thus, all linear dimensions of Model 1 (the prototype) were 1.7805 times as large
as those of Model 2 and 4.679 times as large as those of Model 3. (It should be
noted that the thermal conductivity of samples of the actual materials of construc-
tion used in these thermal models is being determined experimentally at three
temperature levels as a check on the design values obtained from literature data.

The results of this work were not available at the time this report was written.)

The simulated joint conductances of each model were made identical to

satisfy the second relationship which states that

13
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The details of the construction of the simulated joints are described in more de-

tail in Section II-C2.

The internal power dissipation in each model was scaled in accordance

with the third relationship, which can be rearranged to give:

L L3 L3
where:
P = internal power dissipation (watts)
L = characteristic length

We find that

P

-1 -

B, 3.1702
P

=1 =

P, 21.893

In summary, we chose the over-all dimensions of Model 1 (the proto-
type in this case) to be the largest model size which would conveniently fit in our

test chamber. Models 2 and 3 were scaled from Model 1 using the scaling ratios.

In the following sections, we will describe the design and fabrication of

the thermal models in detail.

B. GENERAL DESCRIPTION

The basic configuration of the thermal models was chosen to represent
the elements of a portion of a typical JPL spacecraft. It was not desired to dupli-
cate the details of a JPL spacecraft, but rather to simulate the typical heat flow

patterns with models which could be easily fabricated and tested.

14
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Several "ground rules" pertaining to the design of the models were es-

tablished by JPL in our Statement of Work. The models were to be designed in

conformance with the following general concepts:

(1

(2)

(3)

(4)

G))

Maintain an average model temperature at or near

room temperature at normal power conditions.

Provide for nonuniform internal power dissipations
within a given model. To simulate electronics pack-
ages, several boxes dissipating internal power were
required. It was desired to design one box to dissi-
pate five times as much total power as the box with
the lowest power dissipation. Within a given box it
was desired to have two heaters, one dissipating ap-

proximately twice as much power as the other,

Fabricate the boxes on a given model with differing
wall thicknesses. One box was to have twice the wall

thickness of the others.

Design a basic configuration which could be insulated
to provide for either a two- or three-dimensional heat

flow pattern within the model.

Provide a method for attaching the boxes to the frame
members through thermal resistances to simulate a

joint resistance.

15
Arthur D Little, Ine.




To simulate the electronics packages in a typical spacecraft, three
"boxes', each containing internal electrical power sources, were arranged in a
triangular fashion around a cylindrical tube which represented the walls of a mid-
course guidance motor. A photograph of the three models showing the relative

sizes and the arrangement of the boxes is shown in Figure 1.

The boxes and the simulated mid-course guidance motor were supported
by three vertical angles which formed a frame. The individual boxes were at-
tached to the frame with support tabs which were designed to simulate a typical
joint conductance. The simulated mid-course guidance motor was also supported
from the frame by six thin struts. The top and bottom of the model was insulated
with NRC-2(1) insulation to establish a two-dimensional heat flow pattern within
the model. (One insulation package, however, was made removable so that in
certain tests we could establish end-to-end gradients.) The faces of each box
were coated to have different average emittances and thereby control the heat

flow patterns.

A drawing illustrating the over-all configuration and certain of the de-

tails is presented in Figure 2.

(1) National Research Corporation, Cambridge, Mass.
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C. DESIGN AND FABRICATION

1. Fabrication and Assembly of Components

The three boxes (c.f. Figure 2) used in Models 1 and 2 were fabricated
by welding the sides and the two vertical dividers to the outward facing wall. Full
penetration welds were made using a filler rod of the same material as the boxes.
After welding, the exterior surfaces of the boxes were surface-ground to the pro-
per dimensions. The boxes for Model 3 were fabricated from a single sheet of
material and formed in a precision jig. The corners and the dividers were heli-
arc welded. Table I lists the pertinent dimensions for the boxes of the three

models.

As shown in Figure 2, the vertical dividers supported the radiation

shields. The shields were attached to two tabs with soft solder after the heaters

- .C 1

and thermocouples e periphery o
shields prevented heat from flowing conductively between the shields and the boxes.

The ends of the vertical dividers were separated from the boxes in such a way

that the main heat flow paths (by conduction) were through the box faces.

Three vertical angle frames supported the boxes and the simulated mid-
course guidance motor. The frames on Models 1 and 2 were fabricated from two
pieces welded (with full penetration welds) along a corner. The frames for Model

3 were fabricated by bending a single piece to the proper angle.

Milled slots at the top and bottom of each frame were used to position

the "simulated joint conductance' tabs. These tabs were made as an integral part

17
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TABLE 1

MODEL DIMENSIONS

Model 1
Boxes (in.)
Length 18-61/64
Width 15-27/64
Depth 2-1/2
Wall Thickness
Boxes A & B 0.292
Box C 0.146
Joint Conductance Tabs (in.)
Width 1.497
Thickness
Boxes A & B 0.292
Box C 0.146
Length 0.182
Frame Thickness (in.) 0.292
Measured Gap Areas (in°)
Frame 1 3.106
Frame II 2.756
Frame III 2.567

18

Model 2 Model 3
10-21/32 4.048
8-41/64 3.286
1-13/32 0.534
0.164 0.062
0.082 0.031
0.843 0.320
0.164 0.062
0.082 0.031
0.102 0.039
0.164 0.062
0.892 0.168
0.861 0.214
0.924 0.162
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of the box, i.e., the top and bottom were milled out to the shape shown in Figure
2. The step in the tab was used to position the box with relation to the frame.

Note that the smallest part of the tab penetrated through a milled slot in the frame.

This protrusion was welded to the frame with a full penetration weld.
In this manner the boxes were separated from the frame by members of known
cross-sectional areas and lengths. Any heat flowing from box to box by conduc-
tion was thus required to flow through these standoffs. A fuller discussion of

these simulated joint conductances is given in the following section.

The thin-walled mid-course guidance motor was supported from the
frames by six members of small cross-sectional area. The support members

were welded in slots on the motor and the frame.

All three models were assembled in the same basic manner. After
welding the dividers to the boxes, Boxes B and C were gold plated (c.f. Section II-
C3). The heaters and thermocouples were installed on the interior of the boxes
and the entire inner surface painted with an optical black paint. The radiation
shields were soldered to the dividers (with attached thermocouples) and also
painted black. The mid-course guidance motor and frames (with thermocouples)
were assembled as a unit and then painted black. The next assembly consisted of
welding the boxes to the frame at the joint conductance tabs. To preclude damage
to the gold surfaces by heating, the boxes were placed in a shallow pan of water
before the tabs were welded to the frame. Particular care was taken to insure

that the gaps between the corners of the boxes were the correct dimension. We
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found this to be the most difficult part of the assembly, and we were not completely
successful in maintaining the correct tolerance on this dimension. In Table I we
have listed the gap dimensions as measured after assembly. It should be noted
that inaccuracies in these dimensions affect the thermal performance of the model.
The significance of these errors are discussed in detail in the "Discussion of Re-

sults."

The next steps in the assembly were to attach the thermocouples to the
tabs and apply the proper amount of optical black paint to the external surfaces of
Boxes B and C, as shown in Figure 2. All of the heater leads and thermocouples

were brought out from the model through the gaps between the boxes.

The insulation packages were assembled separately and attached to the

top and bottom of the model by cementing. The details of this installation are

shown in Fioure 2
sngwn In rigure 2.

The final assembly was the attachment of the three support wires to the
model. During the assembly, particular care was taken to avoid handling the

thermal control surfaces on the boxes.

2. Simulated Joint Conductances

The design of the stand-offs used to simulate the joint conductances
was quite arbitrary. The basic reason for using the construction shown in Figure
2 was to have a reproducible resistance between the frames and the boxes in each
of the models. The choice of the configuration used in Model 1 (prototype) was,

therefore, predicated on a design which would be simple to reproduce in the smaller
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models. This is not, of course, the problem which would be encountered if it

were necessary to design a simulated joint of a prescribed conductance.

If we assume that the heat flow through the tab is approximately one-

dimensional, the equivalent conductance is

c .k
4
where:
C = conductance (watts/cm?® °K)
k = thermal conductivity (watts/cm °K)
4 = length of tab between the frame and box (cm)

From the scaling laws, we know that for temperature similarity the following re-

lation must be satisfied:

]
]

et
I

F

1]

r

Since the conductivity of the tab was identical to that of the model and since all
lengths were scaled in accordance with the second relation, we satisfied the con-

dition that the joint conductances were identical from model to model.

For Box A of Model 1, the heat flow for four tabs (1.497 x 0.292 x (0.182
inches long) of Armco iron is approximately 17.8 watts per degree of temperature
difference between the box and the frame. (This estimate is based on a one-di-

mensional model.)
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If we now consider that a typical spacecraft electronics package is at-

tached to a frame through a flanged joint, the heat flow through the joint is

q = CjAj0T

where:

0
1

mean joint conductance (watts/cm® °K)

>
il

j = joint area (cm®)

>
—
1l

temperature difference between flange and frame (°K)
Thus, with the tabs, we are simulating a case where

CjAj = 17.8 watts/°K

For a typical electronics package of the same approximate dimensions
as the boxes on Model 1, we estimate that the total flange area mi
mately 350 cm®. Thus, the mean value of the joint conductance being simulated
is

Cj = 0.05 watts/cm?® °K

Joint conductances of this magnitude are representative measured

values for loaded metal-to-metal joints in vacuo.

It should be noted that the four tabs on Boxes A and B were of similar
dimensions, whereas the tabs on Box C were half as thick. The mean value of

the joint conductance in Box C would thus be half the above value.

We should re-emphasize that this approach to the design of a simulated
joint will not, in general, be adequate where it is desired to fabricate a simulated

joint of a given conductance.
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3. Thermal Control Surfaces

The choice of the properties of the thermal control surfaces was based
on the requirement that one box of a model would have a total internal power dis-
sipation approximately five times that of the lowest power box, with the third box
intermediate. In addition, it was desired to maintain the average temperature of

each box at or near room temperature for "'normal power' tests.

To accomplish this objective, we coated the entire box which dissipates

(1)

the largest amount of power with an optical black paint. The interior of each
box as well as the frames, mid-course guidance motor, and radiation shields
were also coated with the same paint. We measured the total hemispherical emit-

tance of this particular paint in our laboratory and found it to be 0.97 + 0.05 at

room temperature.

Since the other two boxes dissipated less power, it was necessary to
adjust their average surface emittance so that each box would have approximately
the same temperature. To accomplish this objective, the outward-facing surfaces
of these two boxes were first coated with a gold surface having a low emittance.

A fraction of this surface was then painted with the high emittance, optical black

paint to obtain the desired average emittance.

(1) Minnesota Mining & Manufacturing Co., St. Paul, Minnesota (3M Brand

Velvet Coating, Series 9560).
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A gold surface was chosen, because it has a high reflectance and the
surface characteristics are reproducible. A copper and a silver "flash" were
deposited before the final gold deposition. To obtain a highly reflective surface
and a reproducible finish, the boxes were surface-ground and buffed before a de-
position; the surfaces were buffed after each deposition. The following plating

thicknesses were used on all surfaces:

Copper 0.00045 inch
Silver 0.00072 inch

Gold 0.00010 inch

Samples of gold-surfaced Armco iron, SAE 4130, and 304 SS were fab-
ricated and the emittances measured by Jet Propulsion Laboratory. The results
indicated that each of the samples had an emittance of 0.04 + 0.005. No notice-

able difference between samples was observed.

The details of the "black” striping on the box faces are shown in Figure
2. To satisfy the scaling law which requires that the emittances from model to
model be equivalent, the ratio of black to gold area was made identical on each
model. In the following tabulation, we have listed the nominal dimensions for the
areas of gold and black on each box of Model 1. The average emittance was cal-
culated by assuming that € = 0.97 for the black surfaces and 0.04 for the gold

surfaces.
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Box A Box B Box C
Total exposed area (in.?) 387.06 387.06 387.06
"Black" area, ¢ = 0.97 (in.?) 387.06 144.81 63.97
Average emittance 0.97 0.388 0.194

It should be noted that the effective emittance of these boxes calculated from the
total surface area of the boxes is not exact, since the triangular box arrangement
produces reflections at the corners of the boxes. However, for purposes of
modeling it is only necessary to insure that the model and prototype have identical

emittances at equivalent geometrical locations.

In applying the black paint striping to Boxes B and C, it was necessary
to maintain a close tolerance on the area, since the model temperatures were
extremely sensitive to this parameter. We estimate that the width and height of
the black areas on Boxes B and C were accurate to within + 1/64 inch. The lar-
gest uncertainties are prevalent in Box C of Model 3. In this case, the error in

the black area was approximately + 5% for a + 1/64 inch tolerance.

4. Model Supports

The thermal models were supported by three, small diameter stainless
steel wires attached to the LNz shroud in the test chamber. Since the support
wires constitute a heat leak from the model, it was necessary to scale the wire
sizes such that the ratio of the support wire heat leak to the total power dissipated

is essentially constant for all models.
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In our test setup, the temperature distribution in the wires was dom-
inated by the radiative heat leak to the LNy wall. In this case, it can be shown

that the heat leak is given by the expression

5
q, =\/2/5kAcPevchO

qW = wire heat leak

k = thermal conductivity

Ac = cross-sectional area of wire
P = perimeter

¢ = surface emittance

To = model temperature

For similar support wire materials

/2 2
qW(:(,]jS Ts/

From the scaling ratios for these models, we would have exactly scaled heat

leaks from model to model if

Y1

— = 3.1702

2

Lws

—— =21.893
3

where the subscripts refer to the model.
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Since the models were designed to have identical temperatures,

2.155

W)

wa

and

|

7.81

In the practical case, one camnot always choose wire diameters necessary for

exact scaling; however, if the support heat leak is small with respect to the total

power dissipated by the model, the temperature errors will be small.

Table II

lists the wire diameters, etc., and the ratio of the total support wire heat leak to

the total power dissipated in the model.

TABLE 1II

SUPPORT WIRE HEAT LEAKS

Model 1 Model 2 Model 3
Support Wire Diameter (inches) 0.0625 0.030 0.010
Support Wire Material S.S. S.S. S.S.
D
Actual ratio of wire diameter —%) 1 2.08 6.25
Dw
Correct ratio of wire diameter (—-1—53) 1 2.155 7.81
Number of support wires 3 3 3
Support wire heat leak (percentage
of total model power dissipation) 0.16 0.17 0.23
27
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From Table II it can be seen that the support wire heat leaks are a
small percentage of the total power dissipation and that small errors in the scal-

ing of the wires will therefore not appreciably affect the model temperatures.

5. Insulation

The insulation packages were designed to prevent heat from flowing out
of the ends of the models. The location and the details of the assembly are shown
in Figure 2.

The insulation was fabricated as a package using crinkled aluminized

Mylar foils(l)

mounted on a pad of polyurethane foam. The foam pads were cut

to a triangular shape which fit on the ends of the model. The foam was 1/2-inch
thick on Model 1. Sixty layers of NRC-2 were crinkled and placed loosely on the
foam. The total thickness was approximately 1-1/4 inches. Six of the layers
were folded over the edges of the package, and the outermost foil was foided under
the foam pad and sewed to the foam. This outermost wrap was thermally short-
circuited to the model. However, we felt that the additional heat leak along the

foil would be less than that which would occur if a small gap were left between the

model and the foils.

Each model was insulated in the same manner. However, in the small-
est model it was difficult to make the layers "fluffy”, i.e., they were somewhat

compressed. This compression is deleterious to the effectiveness of the insulation,

(1) NRC-2, product of National Research Corporation, Cambridge, Mass.
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and we expect that the heat flux was higher in this small model. In addition, the
edges were more difficult to fold, thus compressing the foils. This situation in-

creases the strength of the "thermal edge short".

An accurate calculation of the magnitude of the heat leak through these

insulation packages cannot be made when one considers these edge effects. We

one-dimensional. Thermal conductivity tests in our laboratory on these insula-
tions (Work not performed under this contract) indicate that a typical thermal con-
ductivity at 120 layers/inch, between the temperature limits of 300 and 77°K, is
approximately 6 x 10~° watts/cm °K. For a thickness of approximately 1.5 cm,
the total heat leak from Model 1, is estimated to be 2.2 watts through two insula-
tion packages having an area of approximately 4000 cm?®, This is approxi

1.3 percent of the total power dissipated.

The above calculation underestimates the actual heat leak, because of
the edge losses, and we would estimate that the heat leak might be several times
the above amount. Furthermore, we would expect the percentage heat loss to
increase as the size of the package is decreased, because of the increasing im-

portance of the edges.

6. Instrumentation

a. Heaters

As shown in Figure 3, the heater elements were bonded to the two ver-

tical dividers in each box. Two separate heaters were bonded to each divider so
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that we could provide current to either or both heater elements on a given divider.
In model tests at normal power, current was supplied to only one heater on each
divider. For double power tests, current was supplied to both heater elements

on each divider.

(1) (2)

The heaters’ * were made from Evanohm' ' resistance wire insulated
by silicone rubber and fiberglass cloth. The Evanohm wire was selected because
of its low temperature coefficient of resistance and because it would minimize
resistance changes with temperature. All of the heaters were designed to main-
tain a uniform watt density over the heater area. The heater elements were bonded

3

to the dividers with Silastic' ’ adhesive under pressure and allowed to cure for
12 hours. After installation, the resistance of each heater element was measured

accurately at room temperature using a wheatstone bridge.

nom or each

Table III lists the nominal design heater power specifications
box of each model. (The reader is referred to Figure 2 for the locations of the

boxes and dividers.)

To supply current to the heater elements, twelve heater leads were
connected to the model from a hermetic seal on the chamber. Since these wires

were exposed and could radiate to the LN; temperature shrouds, it was necessary

(1) Electroflex, Inc., Hartford, Conn.
(2) W. B. Driver Co., Newark, N. J.

(3) Dow Corning Corp., Midland, Michigan
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TABLE III

SUMMARY OF DESIGN HEATER POWER

Box A
Divider A
Divider B
Total
Box B
Divider A
Divider B
Total
Box C
Divider A
Divider B
Total

TOTAL MODEL POWER

(watts)

Model 1

69.2

34.6

103.8

27.7

13.8

41.5

13.8

6.9

20.7

166 .0
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Model 2 Model 3
21.8 3.16
10.9 1.58
32.7 4.74

8.74 1.265
4,35 0.630
13.09 1.895
4.35 0.630
2.18 0.315
6.53 0.945
52.32 7.58
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to design the heater leads so as to minimize the heat leak to or from the model.
In our case it was possible to do this by choosing the proper heater lead materials

and sizes.

If the lead wire is in thermal equilibrium with a low temperature sink
(and the wire is long), the temperature in the wire can be made uniform by proper
choice of the current, wire size, and wire material. If the temperature is made
uniform and equal to the model temperature, the gradient at the model, and there-
fore the heat leak, will be zero. A heat balance on a length element of wire

yields the expression
I°p = D e oT*
wWw
where:

I = current (amps)
p = wire resistivity (o-hms/cm)
D = wire outside diameter (cm)
€ = wire emittance

T = wire temperature (°K)

The current was fixed by the power dissipation required in the heaters, and the
temperature was chosen to be the design temperature of the model. We then chose
a wire material and diameter which would minimize the heat leak. (An emittance

of 0.8 was assumed for a varnish insulation.)
The following tabulation lists the materials and wire sizes chosen for

the heater lead wires on each model.
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Model 1 Model 2 Model 3
Wire material Manganin Manganin Tophet C(l)
Wire size #32 #38 #38

It should be noted that these wire sizes do not exactly satisfy the "'no heat leak"
situation. However, we have estimated that, if no current were supplied the total
heat leak from the lead wires would be only 0.04% of the total power supplied to
Model 1 and 0.3% of that supplied to Model 3. This is due to the relatively low

thermal conductivity of the lead wires.

b. Thermocouples

Forty-eight copper-constantan thermocouples were attached to each
model. The couples were welded and calibrated against four precision thermom-
eters at four different temperature levels between 0 and 50°C. The over-all ac-
curacy of the thermocouple measurements was within + 1/4°C., After calibra-
tion, the thermocouples were soft soldered to each model. A short length of lead

wire was coiled and attached to the surface with copper cement. A view of a

typical installation prior to cementing is shown in Figure 4.

The locations of the 48 thermocouples on a model are shown in Figure
5. Three thermocouples were attached to the inside of each box face at the center-
line. Temperatures were also measured at each simulated joint conductance tab,

at the top and bottom of each frame, at three centerline locations on the mid-course

(1) W. B. Driver Company, Newark, N.].
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guidance motor and at each radiation shield. It should be noted that the thermo-
couple locations as noted in Figure 5 were identical in all three models. The

numbering system was also identical.

In order to minimize the errors associated with heat leaks along the
thermocouple wires, the leads were scaled in accordance with the thermal scaling

laws. The scaling laws are satisfied when

B - 31702
gz

and
L - 91,893
ga

In the three thermal models, w ] 1e therm 1

parameters and attempted to choose the proper wire configuration such that the

heat losses obeyed the above relations.

For "long" thermocouples radiating to a low temperature sink from a
fixed end temperature, it can be shown (c.f. Reference 1) that the heat leak along

the wire is given by

= 2 . 5
q0 /5 k AC Pe cho
where:
- t flow
qO heat flo
k - thermal conductivity
AC - cross-sectional area
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P - perimeter
€ - emittance
T0 - temperature

When the thickness of the insulation is not very large with respect to the wire di-
ameter and the wires have a high conductivity, the area is based on the wire di-

ameter and the perimeter on the outer diameter of the insulation.

By assuming that the surface emittances were identical, and since the
model temperatures were designed to be equal, we can express the heat leak re-

lation (for a given number of wires of the same material) as

1/2
Sl_ = C (DW Di n
q2 (Dw Di 1/3 )2

where:
C = constant
q = heat leak
DW = wire diameter
D. = insulation outer diameter

i
and the subscripts refer to the model number.

Thus, by choosing wire diameters we were able to approximately scale
the heat leaks. It should be noted that because the total thermocouple heat leaks
were a small percentage of the total dissipated power, errors in this scaling did

not affect the model temperatures significantly.
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In modeling an actual spacecraft, however, it will be necessary to

make the heat leaks through the instrumentation a very small percentage of the

total power.

In Table IV we have tabulated the details of the thermocouples and the

ratio of the lead heat leak to the model power dissipation.

TABLE IV

THERMOCOUPLE SPECIFICATIONS

Model 1 Modetl 2

Wire material Cu-Const. Cu-Const.
Wire size #30 #36
Wire diameter (in.) 0.010 0.0050
Correct ratio of heat leak (%) 1.0 3.1702
) 9,
Actual ratio of heat leak (?) 1.0 2.2
Heat leak (percentage of total
internal power dissipation) 3.97 5.72
36

Model 3

Cu-Const.
#40
0.0031

21.893

20.65

4.2
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III. TEST EQUIPMENT AND PROCEDURES

A. TEST CHAMBER

The "space simulation" chamber used in the thermal modeling experi-
ments had an internal diameter of 32 inches and a length of 30 inches. An interior
shroud was maintained at approximately 77°K by circulating liquid nitrogen through
coolant passages in the shroud. The shroud was made of stainless steel and the
surface was coated with "3-M" optical black paint to produce a high emittance
finish.

A ten-inchdiffusion pump was used to evacuate the chamber. The pres-
sure within the chamber was measured by several thermocouple gages. At low
pressures, an ion gage was used. During the test program we were able to main-
tain the internal pressure at or below 10-7 torr (with the shroud cooled to 77°K) with

the largest test model. The pump-down time was approximately 3 to 4 hours.

A schematic view of the chamber and the instrumentation is shown in

Figure 6.

B. TEMPERATURE MEASUREMENTS

The test model temperatures were obtained by amplifying the thermo-
couple voltages with a precision amplifier having a gain of 1000 to 1 and displaying
the signal on a digital voltmeter. The thermocouples were referenced to a 0°C cold
junction. A standard cell was used to periodically check the operation of the ampli-
fier and the digital voltmeter. The temperatures at the 48 model locations were

read out in succession by use of a 48-channel selector switch.
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C. POWER MEASUREMENTS

The heaters were supplied with current by individual voltage-regulated
power supplies. In order to compute the heater powers, the circuit currents were
measured by obtaining the voltage drops across precision shunts (+0.1%). The re-
sistances of the heaters were measured accurately before installation of the heater
lead wires and external circuitry. The heater powers were then obtained by com-

puting the 12R loss in the heaters themselves,

An uncertainty analysis of the measurements was completed to determine
the most probable error. By considering the heater resistance changes with temper-
ature, the accuracy of the shunts, and the accuracy of the measuring equipment, we

estimated that the most probable error in power measurements was less than £0.7%.

D. TEST PROCEDURES

After the models were installed in the cham

down, and liquid nitrogen was circulated through the thermal shroud. The input
power to each heater was adjusted to the desired value with the power supply con-
trols. The models were then allowed to come to thermal equilibrium. The temper-
atures in Models 1 and 2 were recorded at two hour intervals, together with the
input powers, until the models nearly reached equilibrium. At this point, measure-

ments were made at one-hour intervals. Data for Model 3 was recorded at one-hour

intervals,
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The final "steady-state” readings were taken when the temperatures
at several successive intervals did not change by more than approximately 0.1°C.
The average time required to complete each test was 27, 14 and 8 hours for
Models 1, 2, and 3, respectively. During the tests, the pressure within the
o -6 I .
vacuum chamber was maintained below 10 ~ torr to eliminate gas conduction

effects.
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IV. TEST RESULTS

A. DESCRIPTION OF TESTS

In this section, we present the experimental data obtained for each
of the three thermal models. The measured equilibrium temperatures for each
test are identified by a location number. (For the thermocouple locations for
the models, see Figure 5.) The measured input powers for each test are also

tabulated. The reader is referred to Figure 2 for the box and divider locations.

Three separate tests were made with each model. The first set in-
volved testing each model at normal power conditions. The input powers to
Model 1 were adjusted to approximately the design values which would produce
an average model temperature of 30°C. In these tests, both ends of the models

were insulated to minimize longitudinal temperature gradients. Once the

powers for Models 2 and 3 were obtained from the scaling ratios. The tests of
Models 2 and 3, for this normal power condition, were then made by adjusting

the input powers to the proper scaled value,

The second set of tests was completed at approximately double power
with the same configurations, i.e., insulated models. The appropriate input
powers for Models 2 and 3 were again obtained from the measured values for

Model 1.
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The third set of tests was completed with the insulation package removed
from the top of the models. The bottom insulation package was retained. To min-

imize the area of high emittance surface viewing the LN, temperature wall, the

2
end of the mid-course guidance motor was partially insulated by a single circular
sheet of NRC-2 insulation attached to the periphery of the motor. The same pro-
cedure was followed for all three models. By removing the insulation package, the
tops of the boxes and fractions of the radiation shields, frames, and mid-course
guidance motor were allowed to view the low temperature sink. In the test, the
input powers to Model 1 were adjusted to produce an average model temperature
of approximately 30°C. The appropriate input powers for Models 2 and 3 were
then scaled from these values. Inthese tests, the removal of the insulation set up

longitudinal gradients in the model; these tests are referred to as ""three-dimentional

tests.,"

In addition to these nine tests, a single test using Model 1 was completed
to determine whether the three boxes were radiatively coupled. In this test, a
shield of low emittance (5-mil aluminum) was placed between each of the boxes and
the mid-course guidance motor, thus decreasing the effective radiative couplings
between boxes. The insulation packages were replaced onthe ends of the model.

This test was not repeated for Models 2 and 3.

B. PRESENTATION OF DATA

In Tables V, VII, and IX we have tabulated the temperatures of the three

models at identical geometric locations for the normal power, double power, and
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three-dimensional tests. The temperatures are measured in degrees Centigrade,
and the locations are referenced to Figure 5. The input powers to the heaters
for these tests are tabulated in Tables VI, VIII and X. The locations of the

heaters and the arrangement of boxes is presented in Figure 2.

Comparisons of the measured temperatures at identical geometric
locations for the models are presented in Tables XI and XII. In both tables, we
have referenced the comparisons to the temperatures measured for Model 1,

for the normal power, double power, and three-dimensional tests.

A discussion of these test results is presented in Section V.
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T.C. No.

10

11

12

13

14

15

16

17

TABLE V.

NORMAL POWER TEST RESULTS

(models insulated on top and bottom)

Location
Box A Face
Box A Face
Box A Face
Box C Face
Box C Face
Box C Face
Box B Face
Box B Face
Box B Face
Frame I Bottom
Frame I Top
Frame II Top

Frame II Bottom

Frame III Top

Frame III Bottom
Frame I Top

Frame I Bottom

Temperatures (°C)

Model 1
36.
30.
26.

26.

35

41

40

31

26

30.

30.

25

26

36

37

29

29

43

48

10

71

17

.31

.67

.48

.79

.00

51

27

.95

.27

.83

.29

.90

.98

Model 2
36.

32.

27

27.

34,

38

38

32,

26.

29.

29,

26.

26.

35

35.

29

29

52

83

.66

15

54

.98

.48

05

61

85

88

41

85

.43

00

.76

.68

Model 3

34.

28.

23

21

24,

27

27.

22

23

25

21

20.

25

24.

24

22,

49

51

.80

.02

68

.34

10

.80

.S58

.44

.35

.73

80

.20

49

.00

80
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T.C. No.

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

TABLE V (Continued)

Location Model 1
Frame II Bottom 26.54
Frame II Top 26.12
Frame IIl Top 36.40
Frame III Bottom 36.83
Box C Top 29.15
Box C Bottom 29.02
Box C Bottom 37 .46
Box C Top 37.17
Box B Top 35.98
Box B Bottom 36.64
Box B Top 25.75
Box B Bottom 26.59
Box A Top 25,22
Box A Bottom 25,55
Box A Top 30.20
Box A Bottom 30.46
Shield Box A Out 38.88
Shield Box A In 37.85
Shield Box A In 31.02
Shield Box A Out 30.34

44

Temperatures (°C)

Model 2
27.
26.
35.

34,

29

28

34.

35

34

34

26.

26.

25

25

29,

29

38

38.

31.

30

12

46

10

85

.02

.73

93

71

.78

.66

49

85

.38

.50

76

.27

.33

14

83

.88

Model 3
20.65
21.00
25.38
24.27
22.65
21.59
24,51
25.10
25.12
24.07
20.88
20.33
21.15
20.15
25.92
23.63
34.41
33.86
27.27

26.71
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TABLE V (Continued)

Temperatures (°C)

T.C. No. Location Model 1 Model 2 Model 3
38 Shield Box B Out 28.49 29.02 22.18
39 Shield Box B In 38.17 36.81 26.83
40 Shield Box B In 29.46 29.76 22.40
41 Shield Box B Out 39.31 37.15 27 .41
42 Shield Box C In 39.24 37.17 26.56
43 Shield Box C Out 40,12 37 .49 26.80
44 Shield Box C Out 30.88 30.88 23.44
45 Shield Box C In 31.88 31.60 22.93
46 Motor Assy. 34.07 33.69 24 .56
47 Motor Assy. 33 .64 33.21 25.30
48 Motor Assy. 33.62 33.02 24.29
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TABLE VI

INTERNAL POWER DISSIPATION:

NORMAL POWER TESTS

Input Power (Watts)

Model 1 Model 2 Model 3

Box A
Divider A 69.21 - 3.15
Divider B 34.51 - 1.57
Total 103.72 32.69 4.72

Box B
Divider A 13.85 4.44 0.64
Divider B 27.70 8.66 1.26
Total 41,55 13.10 1.90

Box C
Divider A 14.00 4.40 0.64
Divider B _6.94 _2.19 0.32
Total 20.94 6.59 ‘ 0.96
Total Model Power 166.21 52.38 7.58
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TABLE VII

DOUBLE POWER TEST RESULTS
(models insulated on top and bottom)

Temperatures (°C)

T.C.No. Location Model 1 Model 2 Model 3
1 Box A Face 97.09 96.49 93.78
2 Box A Face 86.11 90.35 84.80
3 Box A Face 80.91 81.72 77.51
4 Box C Face 80.80 81.74 74 .53
5 Box C Face 98.13 95.40 81.48
6 Box C Face 109.90 103.53 86.41
7 Box B Face 109.25 103.26 86.26
8 Box B Face 91.85 91.06 78.20
9 Box B Face 80.24 80.82 74.15

10 Frame I Bottom 88.78 86.20 77 .36
11 Frame I Top 88.62 86.37 80.47
12 Fr‘ame II Top 80.53 80.40 74.07
13 Frame II Bottom 81.09 81.11 73.11
14 Frame III Top 101.43 96.91 82,27
15 Frame III Bottom 101.98 96.53 81.87
16 Frame I Top 88.31 86.52 78.98
17 Frame I Bottom 88.16 86.20 76.49
18 Frame II Bottom 82.18 81.85 73.93
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T.C.No.

TABLE VII (Continued)

Temperatures (°C)

19

20

21

22

23

24

25

26

28

29

30

31

32

33

34

35

36

37

38

Location Model 1 Model 2 Model 3
Frame II Top 81.48 80.89 74.33
Frame III Top 100.98 96.32 82.25
Frame IIl Bottom 101.49 96.46 81.15
Box C Top 86.61 85.24 77.07
Box C Bottom - 86.41 84.60 75.40
Box C Bottom 102.19 96.40 81.10
Box C Top 101.91 97.46 82.13
Box B Top 100.43 95.74 81.87
Box B Bottom 101.23 96.28 80_80
Box B Top 80.44 8C.51 74.27
Box B Bottom 81.83 81.22 73.42
Box A Top 78.82 77 .93 73.27
Box A Bottom 79 .24 78.07 71.73
Box A Top 87.83 85.57 80.51
Box A Bottom 88.00 84.24 77.00
Shield Box A Out 101.02 98.65 93.48
Shield Box A In 99.30 99.06 93.22
Shield Box A In 89.43 89.48 83.20
Shield Box A Out 87.39 86.70 81.30
Shield Box B Out 85.39 84.91 76.58
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T.C,.No.

TABLE VII (Continued)

Location

39

40

41

42

43

44

45

46

47

48

Shield Box B In

Shield Box B In

Shield Box C In
Shield Box C Out
Shield Box C Out
Shield Box C In
Motor Assy.
Motor Assy.

Motor Assy.

Temperatures (°C)

102,

88

PRV

103

106.

89.

92,

96.

94,

Model T

13

.40

57

.66

11

65

78

11

15

.98

49

Model 2

98.

99.

100.

88

90.

93

92,

92.

89

.50

.00

34

34

.31

72

.46

52

54

Model 3

84.

77

85.

84.

84,

78.

79.

80.

82

80.

96

.82

94

44

73

91

36

76

.33

87

Avthur D Little Ine.



TABLE VIII

INTERNAL POWER DISSIPATION:
DOUBLE POWER TESTS

Input Power (Watts)

Model 1 Model 2 Model 3

Box A
Divider A 136.16 - 6.63
Divider B 69.49 -- 3.33
Total 205.65 64.83 9.96

Box B
Divider A 27.88 8.91 1.28
Divider B 56.04 17.56 2.55
Total 83.92 26.47 3.83

Box C
Divider A 28.18 8.94 1.29
Divider B 14.05 _4.40 0.65
Total 42,23 13.34 1.94
Total Model Power 331.80 104 .64 15.73
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TABLE IX

THREE-DIMENSIONAL TEST RESULTS
(insulation removed on top of model)

Temperatures (°C)

T.C.No. Location Model 1 Model 2 Model 3
1 Box A Face 36.62 35.76 35.45
2 Box A Face 29.61 32.37 28.93
3 Box A Face 25.95 26.78 23.78
4 Box C Face 23.54 23.24 19.42
S Box C Face 32.56 30.44 23.20
6 Box C Face 39.14 34.90 25.95
7 Box B Face 39.29 35.55 26.68
8 Box B Face 30.41 29.24 22.30
9 Box B Face 24.54 23.78 20.12

10 Frame I Bottom 28.93 27.22 22.72
11 Frame I Top 23.49 23.37 20.82
12 Frame II Top 19.68 20,02 17.22
13 Frame II Bottom 24 .83 24,17 20.18
14 Frame III Top 30.54 28.54 22.50
15 Frame IIl Bottom  34.68 30.90 23.24
16 Frame I Top 23.34 23.15 19.98
17 Frame I Bottom 27.76 26.41 21.59
18 Frame II Bottom 24 .83 24.20 19.90
51
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T.C.No.

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Location
Frame II Top
Frame III Top
Frame III Bottom
Box C Top
Box C Bottom
Box C Bottom
Box C Top
Box B Top
Box B Bottom
Box B Top
Box B Bottom
Box A Top
Box A Bottom
Box A Top
Box A Bottom
Shield Box A Out
Shield Box A In
Shield Box A In
Shield Box A Out
Shield Box B Out

Shield Box B In

TABLE IX (Continued)

Temperatures (°C)

21.

31

34.

22

26.

34

31

30.

34

20.

25

17

24,

23

29.

37.

36.

28

Model 1

10

.43

49

.28

71

.93

.88

37

.80

22

.00

.82

51

.88

63

73

29

.88

.34

.00

.55

52

Model 2_

20

28

31

22,

25

30.

29

28

31

21

24,

18.

23

23

27

36.

36.

29

27

25

32,

.48

.29

.00

60

.32

98

.20

.41

.45

.20

15

15

.71

.49

.76

17

48

.00

.80

.28

85

Model 3

18.

23

23

19.

20.

23

22

24,

23

18

20,

16.

19.

21

23

34.

33

26.

25.

21

25

12

.29

.29

28

28

.20

.48

51

.32

.65

20

48

95

.27

.63

56

.69

41

85

.17

.98
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T.C.No.

40

41

42

43

44

45

46

47

48

Location
Shield Box B In
Shield Box B Out
Shield Box C In
Shield Box C Out
Shield Box C Out
Shield Box C In
Motor Assy.
Motor Assy.

Motor Assy.

TABLE IX (Continued)

Temperatures (°C)

26.

36

35.

36.

27

28

28

28

28

Model 1

76

.95

67

71

.44

.27

.90

.71

.46

53

Model 2

25.82

33.12

32.29

32.63

26.37

26.93

27.10

27.05

26.83

Model 3
21.
26.

24,

25

21

21

21

22

21

Arthur D Little, Inc,
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59

73

.08

.37

.29

.29

.18

.29



Box A

Divider A

Divider B

Total.

Box B

Divider A

Divider B

Total

Box C

Divider A

Divider B

Total

Total Model Power

TABLE X

INTERNAL POWER DISSIPATION:

THREE-DIMENSIONAL TESTS

Input Power (Watts)

Model 1

77 .35

38.71

116.06

15.44

30.88

46.32

15.63

7.74

23.37

185.75

54

Model 2

4.94
9.65

14.59

4.90
2.45

7.35

58.58

Model 3

3.53
1.76

5.29

0.71

1.41

2.11

8.46
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T.C. No.

10

11

12

13

14

15

16

17

TABLE XI

COMPARISON OF TEMPERATURES:

MODEL 1 - MODEL 2

Location
Box A Face
Box A Face
Box A Face
Box C Face
Box C Face
Box C Face
Box B Face
Box B Face
Box B Face
Frame I Bottom
Frame I Top
Frame II Top
Frame II Bottom
Frame III Top
Frame III Bottom
Frame I Top

Frame I Bottom

T

T

M1l - "M2 (°C)
Normal Double Three-
Power Power dimensional
-0.04 0.60 0.86
-2.73 -4.24 -2.76
-0.95 -0.81 -0.83
-0.98 -0.94 0.30
0.77 2.73 2,12
2.69 6.37 4.24
2.00 5.99 3.74
-0.26 0.79 1.17
-0.61 -0.58 0.76
0.66 2.58 1.71
0.39 2.25 0.12
-0.46 0.13 -0.34
-0.58 -0.02 0.66
1.40 4.52 2.00
2.29 5.45 3.78
0.14 1.79 0.19
0.30 1.96 1.35
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T.C. No. Location
18 Frame II Bottom
19 Frame II Top
20 Frame IIl Top
21 Frame III Bottom
22 Box C Top
23 Box C Bottom
24 Box C Bottom
25 Box C Top
26 Box B Top
27 Box B Bottom
28 Box B Top
29 Box B Bottom
30 Box A Top
31 Box A Bottom
32 Box A Top
33 Box A Bottom
34 Shield Box A Out
35 Shield Box A In
36 Shield Box A In

TABLE XI (Continued)

T T

ML - "M2 (°C)
Normal Double Three-
Power Power dimensional
-0.58 0.33 0.63
-0.34 0.59 0.62
1.30 4.66 3.14
1.98 5.03 3.49
0.13 1.37 -0.32
0.29 1.81 1.39
2.53 5.79 3.95
1.46 4.45 2.68
1.20 4.69 1.96
1.98 4.95 3.35
-0.74 -0.07 -0.98
-0.26 0.61 0.85
-0.16 0.89 -0.33
0.05 1.17 0.80
0.44 2.26 0.39
1.19 3.76 1.87
0.55 2.37 1.56
-0.29 0.24 -0.19
-0.81 -0.05 -0.12
56
Arthur D Little, Ine,




TABLE XI (Continued)

T T

Ml - "M2 (°C)
Normal Double Three-
T.C. No. Location Power Power dimensional
37 Shield Box A Out -0.54 0.69 0.54
38 Shield Box B Out -0.53 0.48 0.72
39 Shield Box B In 1.36 3.24 2.70
40 Shield Box B In -0.30 0.90 0.94
41 Shield Box B Out 2.16 5.57 3.83
42 Shield Box C In 2.07 4.32 3.38
43 Shield Box C Out 2.63 5.77 4.08
44 Shield Box C Out 0.00 1.34 1.07
45 Shield Box C In 0.28 2.06 1.34
46 Motor Assy. 0.38 2.65 1.80
47 . Motor Assy. 0.43 1.63 1.66
48 Motor Assy. 0.60 2.44 1.63
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TABLE XII

COMPARISON OF TEMPERATURES :
MODEL 1 - MODEL 3

Tmi - Tms o)
Normal Double Three-
T.C. No. Location Power Power dimensional
1 Box A Face 1.99 3.31 1.17
2 Box A Face 1.59 1.31 0.68
3 Box A Face 2.91 3.40 2.17
4 Box C Face 5.15 6.27 4,12
5 Box C Face 10.63 16,65 9.36
6 Box C Face 14,33 23.49 13.19
7 Box B Face 13.38 22.99 12,61
8 Box B Face 8.99 13.65 8.11
9 Box B Face 5.42 6.09 4.42
10 Frame I Bottom 7.07 11,42 6.21
11 Frame I Top 4,92 8.15 2.67
12 Frame II Top 4,22 6.46 2.46
13 Frame II Bottom 5.47 7.98 4,65
14 Frame III Top 11.63 19.16 8.04
15 Frame III Bottom 12.80 20.11 11.44
16 Frame I Top 5.90 9.29 3.36

17 Frame I Bottom 7.18 11.67 6.15
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T.C. No. Location
18 Frame II Bottom
19 Frame II Top
20 Frame III Top
21 Frame III Bottom
22 Box C Top
23 Box C Bottom
24 Box C Bottom
25 Box C Top
26 Box B Top
27 Box B Bottom
28 Box B Top
29 Box B Bottom
30 Box A Top
31 Box A Bottom
32 Box A Top
33 Box A Bottom
34 Shield Box A Out
35 Shield Box A In
36 Shield Box A In

TABLE XII (Continued)

Tt - Tms e0)
Normal Double Three-
Power Power dimensional
5.89 8.25 4.93
5.12 7.15 2.98
11.02 18.73 8.14
12,56 20.34 11.20
6.50 9.54 3.00
7.43 11.01 6.43
12.95 21.09 11.73
12.07 19.78 9.40
10,86 18.56 5.86
12,57 20.43 11.48
4,87 6.17 1.57
6.26 8.41 4,80
4.07 5.55 1.34
- 5,40 7.51 4,56
4,28 7.32 2,61
6.93 11.00 6.00
4,47 7.54 3.17
3.99 6.08 2.60
3.75 6.23 2,47
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TABLE XII (Continued)

T T

Ml - "M3 (°C)
Normal Double Three-
T,C, No, Location Power Power dimensional
37 Shield Box A QOut 3.63 © 6,09 2.49
38 Shield Box B Out 6.31 8.81 4.83
39 Shield Box B In 11.34 17.18 9.57
40 Shield Box B In 7.06 10.58 5.52
41 Shield Box B Out  11.90 19.63 10.36
42 Shield Box C In 12,68 19,22 10,94
43 Shield Box C Out 13,32 21,38 11.63
44 Shield Box C Out 7.44 10.74 6.07
45 Shield Box C In 8.91 13.42 6.98
46 Motor Assy. 9.51 15.35 7.61
47 Motor Assy. 8.34 11.82 6.53
48 Motor Assy. 9.33 14.11 6.17
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V. DISCUSSION

A. TEST RESULTS

In this section, we will discuss the measured temperatures of most
significance to the thermal modeling problem. In most cases we will reference
the measured temperatures of Models 2 and 3 to those measured for Model 1--

which, in our case, could be considered the prototype.

A typical temperature distribution pattern illustrating the magnitude
of the circumferential gradients for Model 1 is shown in Figure 7. The data are
for a normal power test. The maximum gradient within a box is of the order of
15°C, as measured at the mid-plane. We have indicated on this figure the low
and high emittance areas and the input powers (watts) for this test. This pattern
is typical for all tests; however, the temperature level and the magnitude of the

gradients increase at double power.

In the previous section we have tabulated the temperature differences
between Models 1 and 2 and 1 and 3 at identical geometric locations (Tables XI
and XII). From Table XI, it canbe seen that the largest single temperature
difference between Models 1 and 2 is 2.73°C (0.9%), 6.37°C (1.7%), and 4.08°C
(1.4%), respectively, for the normal power, double power, and three-dimensional
tests. (The percentages refer to the absolute temperature level.) The same
comparison applied to Models 1 and 3 indicates that the differences are 12.57°C
(4.1%), 23.49°C (6.2%), and 13.19°C (4.2%) for the three test conditions in the
above order. These figures represent the worst case, and the average differ-
ences are considerably below these figures.
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A comparison of the average box temperature (at mid-plane) for each
of the three models at each test condition is presented in Table XIII. The aver-
age mid-plane temperature is used in these comparisons simply because the
mean temperature cannot be defined adequately by three data points when there
are two line sources of heat and a difference in the radiative characteristics
along the box. The agreement between Models 1 and 2 is remarkably good for
the three tests. The maximum difference is less than one percent of the ab-
solute temperature, and this occurs at the double power condition. The aver-
age box temperatures of Model 3 are lower than those measured for Model 1
by approximately three percent for normal power and four percent for the double
power tests. This temperature difference of four percent represents a consider-
able difference (16 percent) in the power dissipation. We believe that the insula-
tion heat leaks in Model 3 represent a significant fraction of this error. This
effect can be noted by comparing the percentage differences for the normal power
(both ends insulated) and the three-dimensional tests where one end was unin-

sulated. The percentage difference is decreased when one end is uninsulated.

Theoretically, the mean temperature should increase by 19 percent
for a two-fold increase in power. In computing the average temperatures, we
find that the increase is approximately this amount for all tests. Apparently,
thev average temperature of these readings is close to the mean temperature.

for each of the boxes.
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TABLE XIII

AVERAGE BOX TEMPERATURES

(°C)
Model 1 Model 2 Model 3

Box A Normal Power 31.1 32.3 28.9
Double Power 88.0 89.5 85.5
Three-dimensional 30.7 31.6 29.4
Box B Normal Power 32.7 32.4 23.5
Double Power 93.5 91.5 79.5
Three-dimensional 31.4 29.5 23.0
Box C Normal Power 34.4 33.5 24.4
Double Power 96.4 93.5 80.6
Three-dimensional 31.8 29,5 22.9
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In Table XIV, we have tabulated the temperature differences measured
by two thermocouples at the mid-plane of the boxes. The thermocouple locations
are referenced to Figure 5. These temperature differences are representative
of the gradients in the boxes. The gradients occur because of the nonuniform
internal power dissipation in the two dividers. From Table XIV, it can be seen
that the gradients measured for Box A are roughly equivalent for all three models.
However, the gradients in Boxes B and C differ between models. For Model 3
the gradients are less than half those measured for Model 1. The source of this
error was pointed out by members of the JPL technical staff, and is extremely
important with respect to the feasibility of scaling spacecraft on a small scale.
In the design of the three thermal models we computed the wall thicknesses of
the boxes for each model from the scaling ratios using conductivity values for
Armco iron, SAE 4130 and 304 stainless steel. Boxes B anc C were gold plated
to approximately the same thickness (on both sides) on each model. Since the
boxes on Model 3 were made of a low conductivity material and were thin, the
conductance of the high conductivity plating was of the same order of magni-
tude as the box wall. We overlooked this rather obvious point, and therefore
the conductances of Boxes B and C of Model 3, in particular, were much greater
than they should have been. Box A was not plated and therefore we would expect

the gradients to be equivalent from model to model.

For scaled lengths, the temperature gradients in the walls of the

boxes are related by

AT, _ @ GC3
AT, qs C)
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where: q heat flow (assumed to be scaled)

C'

conductance of wall

For a plating thickness, &, applied to both sides of the box wall, the conductance

is
C' = 2 5Ep + kt
where k_ = mean conductivity of plating
k = wall conductivity
t = wall thickness

Using the plating thicknesses presented in C-3, and a mean conductivity of 4 watts/
cm°K for the plating, we have computed the approximate ratios of the gradients
for scaled input power ratios. (The subscripts refer to the model.)

Box B Box C

221 (calculated) 1.10 1.19
AT,

AT, (measured) 1.22 1.31
AT,

LYSY (calculated) 1.95 2.82
AT,

AT, (measured) 2.19 2.45
AT,

From the above tabulation, one can see that the errors in the temperature gra-
dients introduced by the non-scaled elements (i.e., the thermal control coatings)
are significant. It can be seen also that we can explain the differences by account-
ing for the added conductance of the coating. Note that the plating was also applied
to the simulated joint conductance tabs. Therefore, these were essentially non-

scaled elements in Model 3 where the effects of the coatingare most significant.
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Box A

Box B

Box C

TABLE XIV

BOX TEMPERATURE GRADIENTS

Normal Power

Double Power

(T7 - T9)
Normal Power

Double Power

(Tg - T

Normal Power

Double Power

(°C)

Model 1

9.76

16.18

14.48

29.01

15.50

29.1

66

Model 2

8.86

14.77

11.87

22.44

11.83

21.79

Model 3

10.69

16.27

6.62

12.11

6.32

11.98
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In Table XV .we have summarized the temperature gradients between
the boxes and the frames in the vicinity of the simulated joint conductances. In
most of the tabs, the temperature gradients were too small to measure with our
thermocouples which were arranged to measure absolute rather than differential
temperatures. In Table XV we have only listed the gradients for two locations
at the double power condition where the magnitudes of the measurements were
larger than the uncertainty interval in the measurements. The purpose of this
table is to show the magnitude of the gradients rather than to compare values
between models. In effect, the conductive coupling between boxes and frames
through the simulated joint conductances was large. With a large conductance,
it would be difficult to assess the differences between models caused by an in-
crease in joint conductance. The increase in joint conductance was due to the
non-scaled plating on the tabs. It should be noted that one additional test was
completed with Model 1 to determine whether the boxes were well-coupled con-
ductively. In this test, the boxes were radiatively shielded from the mid-course
guidance motor and from each other by a low emittance shield. The results in-
dicated that the temperatures were identical (within thermocouple accuracy) to
those measured without the shields at the same power level. Therefore, we con-
clude that the heat flowing between adjacent boxes was conducted through the

tabs used to simulate a joint conductance.
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TABLE XV

SIMULATED JOINT CONDUCTANCE TEMPERATURE GRADIENTS:

DOUBLE POWER TESTS

Box A (Frame I)
T12 - T30 (top)

T13 - T31 (bottom)

Box C (Frame II)
T1 6" T22 (top)

bottom)

‘17 23 |

(°C)

Model 1

[
.

71

.85

~1
w

Model 2

Model 3

Note: Other temperature gradients were less than thermocouple accuracy.
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The axial temperature gradients in each of the boxes for the three-
dimensional tests are presented in Table XVI. The differences were measured
on the top and bottom of each box in the vicinity of the joint conductance tabs.
In this case, the increased wall conductance (non-scaled plating effects) for
Models 2 and 3 decreases the gradients. The effect is most pronounced in
Box C, as expected. Apparently, the gradients in Box A are decreased by the

increased wall conductance of the two adjacent boxes.

B. UNCERTAINTY ANALYSIS

In this section, we will attempt to estimate the effects of uncertainties
in properties, instrumentation heat leaks, etc., on the mean temperature of the
models by considering the models as essentially isothermal. Although it would
be fortuitous if we could compute a single uncertainty interval for all measured
temperatures, the relative importance of uncertainties in the variables can be

identified by analysis.

The uncertainties involved in reproducing identical spatial tempera-
ture distributions in thermal modeling experiments arise from three major
sources. The first source of uncertainties is inherent to the models themselves,
i.e., those uncertainties arising from deviations in a perfect scale of geometry,
thermal radiation characteristics, thermal conductivities, and internal heat
sources. A second uncertainty is involved with the relationship between model
size and the size of the test chamber. The heat leaks through paths provided
by thermocouple wires, heater power leads, insulation, and the gaps between

boxes which are not scaled exactly, constitute a third source of uncertainty.
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TABLE XVI

AXIAL TEMPERATURE GRADIENTS: THREE-DIMENSIONAL TESTS

Box A

Box B

Box C

Frame I

Frame I1

Frame I

Frame III

Frame II

Frame III

(°C)

Model 1

6.69

5.75

4.78

4.43

4.43

3.05

70

Model 2

5.56

4.27

2.95

3.04

2.72

1.78

Model 3

3.47

2.36

1.55

1.19

1.00

0.72
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An analysis of the uncertainties arising from the first source must,
of necessity, be approximate. It is theoretically possible to use measured
temperature data from a single model and obtain the temperature differences
which would result in a2 model having scaled deviations in lengths, powers, etc.
For instance, one can predict the changes in the temperatures (the uncertainty
interval) at all measured points in a thermal scale model which would result
from an uncertainty interval in the scaled length, only if all lengths are changed
by the same fraction. The changes in the temperature distribution due to devia-
tions in the geometry which do not preserve geometric similitude are not pre-
dictable by dimensional analysis of test data. Similarly, one can predict the
temperature difference which would arise due to imperfect scaling of internal
power sources if all sources deviated by the same percentage, but one cannot
predict temperature deviations resulting from random differences in the scaled
input from several power sources. It is necessary to have a complete mathe-
matical model of the test system in order to complete an uncertainty analysis

which accounts for deviations in thermal scale.

Irrespective of the limitations of an uncertainty analysis which does
not require complex machine computations, it is instructive to pursue suchA an
analysis in order to estimate the temperature differences that might be expected
from uncertainties inherent to model construction. Within the constraints of our
thermal modeling tests, dimensional analysis predicts that the temperature data

at a given location on the model and all scaled versions of it can be correlated
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on the basis of two dimensionless parameters, ¢and §. Their functional rela-
tionship can be shown on a plot such as Figure 8. Similar curves can be ob-
tained for each point on the model(s) where temperature is measured,‘ and ¢
as a function of ¥ for each point can be obtained by testing with varying values

of input power q, for instance. Now, referring to Figure 8,

Ap = ady (1)
®» = BVY (2)
Ao a Ay
. E e e 3
b _ bg _ BL _ AK _ AT @
o] q L K T
and
Ay Ae Aq AL AK
-+ = = - 2= - 4= 5
) c +3'q L K ©)
Therefore
AT _ 3989, ,0_ AL, o AK oy e
F=a-3pdref-nTreg-03- ()3 (6)

Equation 6 provides the basis for computing the percentage change in tempera-
ture at each location resulting from percentage changes in the characteristics
of the model(s). The symbol ¢ is used here to denote an area-averaged emit-
tance; however, inherent in the analysis is the assurnﬁtion that the emittances
at all surfaces deviate by the same percentage. Similarly, all the internal
powers, q, at geometrically similar points must vary by the same percentage;

all lengths, L, must vary by the same percentage, etc.
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If a = 0 and ¢ = constant, the temperature distributions are con-
a _1
B 4

model approximates an isothermal system whose temperature is controlled by

trolled by solid conduction. If at all locations, it can be shown that the

radiation from its exterior surfaces to an infinite thermal sink. The test data
obtained in our experiﬁents at two power levels is not sufficient to allow us to
determine the value of a at any of the temperature measuring points on the
models. Therefore, we cannot determine 0./8 and use Equation 6 to predict
uncertainties. However, our models do approximate a system in which a/B =
1/4 at all points, and we assume this value in lieu of more complete data.
With this assumption, Equation 6 reduces to

AT
T

A A
FERE A 7)

BL 1 oF
L €

-

1
4
Interestingly enough, we note no effect of thermal conductivity changes on the
temperatures. This is the direct result of our assumption of /8 = 1/4 at

all points, which presupposes the use of materials having thermal conductivities
high enough to make the systems essentially isothermal. This assumption

eliminates from consideration the effect of finite thermal conductivities which

produce temperature gradients in the models.

The maximum percentage uncertainty in temperature, T, for a given
model resulting from scale changes in q, L, and € expressed in percent can be
computed by substituting, in Equation 7, estimates of the uncertainties in each

of these values which are appropriate to the experiments. For instance, if the

A AL A€

estimate of the uncertainties ?q, I and 5 are all one percent, then the

maximum uncertainty in T is
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1 1 1
sl = Z(1) + 5(1) + Z(l) = 1% (8)
max

Because of the number of variables involved, it is preferable to con-
sider the most probable uncertainty in temperature based on equal odds that the
uncertainty interval in each of the variables propagates the final uncertainty.

In this case, the most probable uncertainty in temperature is

8 3 N\ 9
st/ (1a 1aL (el
T /(4—qq> + (2 L> + (4 E> ©)

The most probable difference in temperature between two models designed for

identical temperature distributions arising from in-scale uncertainties in q,

L, and € for each model is

2 2 . \3
+ lk}_.é_ﬂa_ +l.A_L_a> +f L. 58
2V\¢  qgs 2 La 4 €3 (10)
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For Model 1, we estimate

—HJ-A. = 0.0014
qi
3 0.0016
L1
Ly - o.0175
€1
For Model 3 we estimate
843 _  4.0014
qs
AILS = 0.0076
~3
At
=2 = 0.0175
€3

or 1/2 percent of the absolute temperature.

It is to be emphasized that the result expressed immediately above

was derived on the basis of very restrictive assumptions. Most important among
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these was the assumption that uncertainties in the properties of the models
occurred in scale. Another important consideration bearing on the interpreta-

tion of this result was the assumption of isothermal models.

Another uncertainty involves the relationship between model size and
chamber size. In our experiments, the largest and smallest models were tested
in a cold wall vacuum chamber of fixed dimensions. The LN2 shroud was coated
with an optical black paint to obtain a high emittance. However, in practice,
one cannot obtain an emittance of unity. Because the model dimensions were
significant with respect to the shroud dimensions, the temperatures of the
largest model will differ from those of the smallest model due to reflections
from the "non-black” shroud. In the following paragraphs, we will estimate the

magnitude of these differences using a simplified mathematical model.

Consider a spherical test model (maintained at a constant tempera-
ture T by internal power dissipation) radiating to a heat sink also maintained
at a constant temperature. For diffusely reflecting "grey'" surfaces, it can be

shown that the following relationship holds

4 _ A, A 1 oTé
oT* = g/A ern+ ry (ec | +oTd

If we differentiate this expression, we obtain

1
q ('e— - 1)
3T _ c
a(A/Ac) 4AoT2
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where: T = model temperature
TW = chamber wall temperature
A = model area
AC = area of heat sink
q = model internal power dissipation
€. = chamber wall emittance
€ = model emittance

If we let the subscripts 1 and 3 refer to the largest and smallest models, we
note that in our normal power experiments (q/A); = (q/A)z = 0.0228 watts/

cm? and Ty = Ts = 300°K.

We assume, also, that Ay = A and from the model geometry we
know that Ay = 22 As. From the above equation, we can compute the magni-
tude of the temperature difference between Models 1 and 3 for various chamber

wall emittances.

. Ty - T (°C) Ty - Ts (°0)
c (Normal Power) (Double Power)

1.0 0 0

0.98 0.73 0.89

0.96 1.48 1.81

Measurements of the surface emittance of the paint coatings on the
LN, shrouds of the test chamber used in these experiments indicate that the
emittance is approximately 0.97. On the basis of this conservative mathe-

matical model, we conclude that the errors in temperature between the largest
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and smallest model are less than 2°C. When the models were suspended in

the chamber, we positioned the supports so that the view factor between Box A
(which dissipates the largest amount of power) and the LNy shroud was the same
for all models. In this manner, we considerably reduced these effects of model
size. It should be noted here that we have not accounted for the errors due to
the simulation of outer space with partially reflecting walls and a finite wall
temperature. These effects are significant to thermal testing but can be

analyzed separately.

The third source of temperature uncertainties is brought about by
stray heat leaks in thermocouples, heater leads, insulation, etc. For this
particular set of thermal models, we have made an estimate of the magnitude'
of these heat leaks (c.f., Section II-C). Estimates of the thermocouple heat
leaks are presented in Table IV. From these estimates, we find the following

percentage errors in mean temperature:

&
=]
i

T, -1.0%
ATy

o T -1.43%
ATy _

T2 = -L1%

These values indicate that the difference in temperature between models will be

be of the order of 1.2°C due to improper thermocouple scaling. In this case,
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the maximum difference in between Models 1 and 2. The differences between

Models 1 and 3 is estimated to be less than 0.3°C.

The heat leaks associated with the heater leads are estimated to be
0.3% of the model power dissipation in the worst case (c.f., Section II-C6).

The temperature errors are thus less than -0.1% and can be neglected.

The heat leaks associated with the "super insulation™ packages are
essentially unpredictable by simplified analysis because of the complex heat
flow patterns which exist in regions where thermal shorts are unavoidable.

We have calculated the heat flow through the insulation on Model 1 based on a
one-dimensional analysis. This estimate indicated that the heat leak would be
of the order of 1.3%--a temperature error of -0.3%. Our experience with such
insulation systems indicates that the actual heat leak might be several times
this value, due to thermal shorts. The percentage would also increase as the
model size decreases, because of the increasing importance of the thermal
shorts. Based on the above reasoning, we estimate that a considerable frac.tion
of the temperature differences between Models 1 and 3 can be attributed to in-

sulation heat losses.

Another source of errors is the improper scaling of the clearance
gaps between the boxes. One might argue that these errors could be treated as‘
deviations in a perfectly scaled geometry; however, we prefer to treat these
errors as stray heat leaks, since we can estimate their influence on the model

temperature. In Table I we have presented a summary of the measured gap
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areas. From these measured values, we have computed the temperature dif-
ferences between models attributable to the improper gap scaling. Our com-
putations were based on the assumption that these gaps radiate as "black

cavities." The results indicate that the temperature differences between
Models 1 and 2 are negligible. The temperature difference between Model 1

and 3 attributable to gap errors is approximately 1/2°C.

In summary, we have computed the probable uncertainty in tempera-
tures between models designed to have identical temperatures due to uncer-
tainties in variables which occur in scale. The computed uncertainty interval
between Models 1 and 3 was approximately 1.5°C. The errors due to testing
three models of different size in a chamber of fixed dimensions was computed
to be less than 2°C. The temperature errors due to inexact scaling o
mentation leads was estimated to be 1.2°C for Model 2 and 0.3°C for Model 3.
The error associated with inaccuracies in the gaps between boxes was approxi-
mately 1/2°C between Models 1 and 3. The greatest source of uncertainty in

the models was the heat leak through the insulation.

Finally, one must account for the uncertainties involved in the tem-
perature measurements. In the experimental apparatus used in this investiga-

tion, the uncertainty interval was approximately 1/2°C.

C. PROBLEM AREAS

In this section, we point out some of the practical problems which
were encountered in the test program and some which we foresee in future

thermal modeling work.
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For the particular prototype configuration selected for the experi-
mental study described previously, three main problem areas were encountered:
(1) the control of dimensional tolerances in the scale models, (2) the instru-
mentation associated with supplying the internal power and measuring tempera-
tures, and (3) the fabrication of an insulation scheme which would provide
scaled heat leaks from model to model. In addition, we now recognize that the
problem of the conductance of the thermal control surfaces is a limiting factor

in the design of very small-scale models.

Dimensional tolerances are particularly important in small models
where the wall thicknesses are below 1/32 inch. In Model 3, we encountered
some difficulties in fabricating and welding the boxes to the proper dimensions
with these thin wall sections. For this reason, we were forced to form the
boxes in a precision jig. The welding.of these thin-walled components leads
to dimensional changes which are unavoidable. Furthermore, the costs as-

sociated with model fabrication are strongly influenced by the desired dimen-

sional tolerances--particularly in sheet-metal work.

The instrumentation associated with the models was another problem
area; however, in our case we scaled the thermocouple leads and more or less
avoided that problem. In the realistic case where a prototype spacecraft has no
external leads, the control of these heat leaks becomes more significant. In
such cases, it may be necessary to resort to infrared techniques for tempera-
ture measurement in models where the internal power dissipation is small.

The design of heater leads to minimize heat leaks is not difficult, and if neces-

sary one could consider self-contained battery sources, etc.
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Our experience with the model configurations tested in this study in-
dicates that the problems associated with heat leaks from "super insulations”
produced the largest uncertainties. The insulation packages for Model 3 were
difficult to fabricate, and we were not satisfied with the end result. After test-
ing Model 3 and observing that the mean temperatures were considerably lower
phan those of Models 1 and 2, we examined the insulation in some detail and
concluded that the foils were compressed, thereby increasing the effective con-
ductivity of the insulation. Due to limitations on the scope of the work, we were

unable to rebuild the insulation and re-test Model 3.

In the previous discussion of the test results, we pointed out the source
of the errors in the measured temperature gradients of Models 2 and 3. The
errors were due to the introduction of non-scaled conductivities resulting from
the added conductance of the plating. In certain cases, it may be possible to
use a smaller wall thickness in the models to compensate for the added con-
ductance of the plating when it is desired to scale for equivalent temperatures
in model and prototype. However, it can be shown that this procedure will not
be adequate when the wall thicknesses of the prototype are small. For example,
in Box C of Model 3, it would have been impossible to model the temperature
gradients, since the conductance of the plating alone was higher than the de-
sired wall conductance. Thin films deposited in vacuum may be a solution to

this problem, although handling of these surfaces will change their character-

istics.
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The joint conductance simulation techniques used in this program
did not appear to be a problem area, thatis, if one compares temperature
distributions from model to model. However, it should be re-emphasized
that we did not simulate a prototype with joints. The models in this case
were scaled from a prototype having a simulated joint conductance. Where it
is desired to model an actual joint in a prototype, one must first know the con-
ductance (from measurements or calculation) and then design a simulation

scheme to provide the necessary scaled conductance. Detailed analyses of

the simulated joints may be required in such cases.
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FIGURE 4

Thermocouple

TYPICAL THERMOCOUPLE INSTALLATION
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BOX A
Tl TZ T3
36.48 30.1 26.71

e .
FIGURE 7 TYPICAL TEMPERATURE DISTRIBUTION: MODEL 1 - NORMAL POWER
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FIGURE 8 CORRELATION OF THERMAL MODEL TEMPERATURE DATA
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APPENDIX I

CHEMICAL ANALYSIS OF MATERIALS

Te!

Mn

]

ltn
1<
Q
H
Z

I
<
)

Armco Mag. Ingot Iron .03 .02 .009 .016 - - - - -

HR E 4130 Steel .32 .53 .010 .014 0.32 - .06 1.01 .2

T304 HR Stainless .05 1.0 .018 .020 .48 18.16 9.5 Jd2 0 .11
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